accumulation, which plays a key role in MetS, has not been defined in human subjects.
In the present study, we investigated the correlations between systemic oxidative stress, measured by urinary 8-epi-PGF2 concentration, and various conditions associated with MetS.
Methods

Subjects
Among 261 Japanese adults who visited the university hospital for a health checkup between 2003 and 2005, 105 [44 men (mean age ± SD, 51.2±11.4 years) and 61 women (55.4±13.4 years)] were recruited into the study. Subjects were excluded if they did not agree to participate, had a history of diabetes mellitus, cardiovascular or cerebrovascular disease, hepatic and/or renal disease, or were being treated with antihypertensive or antihyperlipidemic medications. Interested participants visited our laboratories by self-referral or by recommendation for further check-up after local center screening. The study protocol complied with the Guidelines of the Ethical Committees of Osaka University and University of the Ryukyus. Informed consent was given by all subjects.
Anthropometry and Abdominal Fat Distribution
Anthropometric measurements (height, weight and waist circumference (WC)) were performed in a standing position. Body mass index (BMI) was calculated as weight divided by the square of height (kg/m 2 ). WC at the umbilical level was measured with a non-stretchable tape in the late exhalation phase while standing. 32 Systolic and diastolic blood pressures were measured in the sitting position to the nearest mmHg. Abdominal fat distribution was determined using computed tomography (CT) while the subjects were supine. 33 Ordinary CT parameters were used, specifically 120 kV and 200 mA, as well as a slice thickness of 5 mm, a scanning time of 2 s, and a field of view of 400 mm. The subcutaneous fat area (SFA) and intra-abdominal VFA were measured at the level of the umbilicus and determined by a standardized method with CT numbers. Briefly, a region of interest of the subcutaneous fat layer was defined by tracing its contour on each scan, and the attenuation range of CT numbers (in Hounsfield units) for fat tissue was calculated. A histogram for fat tissue was computed on the basis of mean attenuation ± 2SD. Total and intraperitoneal tissue with attenuation within the mean ± 2SD were considered to be the total fat area (TFA) and VFA, and the SFA was defined by subtracting the VFA from the TFA. Smoking was assessed using a smoking index, defined cigarettes/day × years.
Laboratory Measurements
Blood was drawn after an overnight fast and plasma concentrations of adiponectin were measured by a sandwich enzyme-linked immunosorbent assay (ELISA) system (Adiponectin ELISA Kit, Otsuka Pharmaceutical Co, Tokushima, Japan). 15 Plasma glucose concentrations were determined by glucose oxidase method. The value of hemoglobin A1c (HbA1c) was determined by high-performance liquid chromatography. Serum total cholesterol and triglyceride concentrations were determined by enzymatic methods. High-density lipoprotein (HDL)-cholesterol was also measured by enzymatic method after heparin and calcium precipitation. Serum concentration of C-reactive protein (CRP) was measured with high-sensitive CRP (hsCRP) assay (Denka Seiken). A single urine sample was subjected to analysis of systemic oxidative stress using urinary 8-epiprostaglandin F2 (8-epi-PGF2 ) as the marker 34 in an enzyme immunoassay kit (Assay Design Inc), as described previously. 31, 35, 36 The urinary concentration of 8-epi-PGF2 was indexed to that of urinary creatinine (Cr) and expressed in pg/mg Cr.
Definition of MetS
MetS was defined according to the 2005 guidelines of the Japanese Society of Internal Medicine or to the American Heart Association/National Heart, Lung, and Blood Institute (AHA/NHLBI) criteria. 37, 38 In the Japanese guideline, which is similar to the IDF criteria, 39 [1.04 mmol/L]); (2) hypertension: systolic blood pressure ≥130 mmHg and/or diastolic blood pressure ≥85 mmHg; (3) high fasting glucose: serum glucose concentration ≥110 mg/dl (6.1 mmol/L). In the present study, abdominal obesity was defined WC ≥85 cm in men or ≥90 cm in women as reported for Japanese population. 41 
Statistical Analysis
All statistical analyses were performed with Stat View-J 5.0 (Statistical Analysis System Inc, Cary, NC, USA). Because plasma adiponectin concentrations, hsCRP, and serum triglyceride concentrations did not show a Gaussian distribution, these 3 parameters were log-transformed before analysis. We compared clinical characteristics in the subjects with or without MetS (Table 1 ) using the Student's t-test. Only the prevalence of smokers was analyzed by the chi-square test. The subjects were then categorized into 4 groups according to the urinary concentrations of 8-epi-PGF2 . The prevalence of the MetS in each category was analyzed by Mann-Whitney U-test. Comparisons of the mean values of components of the MetS in each category were analyzed by the Kruskal-Wallis test and Scheffe's test. Pearson's correlation coefficient was used to examine the association between urinary 8-epi-PGF2 concentration and various parameters of MetS. To identify the parameters of MetS that contribute significantly to urinary 8-epi-PGF2 concentration, stepwise multiple regression analysis was conducted. Parameters with an F-value >4.0 were entered into the regression analysis as independent variables. A p-value less than 0.05 denoted a statistically significant difference.
Results
The basic anthropometric and metabolic characteristics of the subjects enrolled in this study are presented in Table 1 . Based on the Japanese criteria, 34% had MetS (Table 1 , 40% of the enrolled men and 29% of the enrolled women), whereas according to the AHA/NHLBI criteria, 47% of the enrolled subjects had MetS (52% of men and 44% of women). As expected, between the subjects with and without MetS according to Japanese criteria, there were significant differences in several parameters related to MetS, including BMI, WC, VFA, systolic and diastolic blood pressures, total cholesterol, triglyceride, HDL-cholesterol, fasting plasma glucose, HbA1c, adiponectin, and hsCRP (Table 1) . Urinary concentration of 8-epi-PGF2 was significantly higher in subjects diagnosed with MetS (either definition) than in those without (Table 1, Fig 1a) . There was no difference between male and female subjects (Fig 1b) . Furthermore, the number of components of the MetS (abdominal obesity, hypertriglyceridemia, low HDL-cholesterol, hypertension, and high fasting glucose) significantly increased with increased 8-epi-PGF2 urinary concentration (Fig 1c) . We further investigated the relationship between urinary 8-epi-PGF2 concentration and selected conditions associated with MetS and the coefficients are listed in Table 2 .
Urinary 8-epi-PGF2 concentration correlated positively with age, and of the anthropometric parameters, there was a significant correlation with BMI, WC, VFA, and SFA. Urinary 8-epi-PGF2 concentration correlated positively with systolic blood pressure, HbA1c, triglycerides, and smoking index and negatively with HDL-cholesterol, but not with fasting plasma glucose, diastolic blood pressure, or total cholesterol. Plasma adiponectin and hsCRP concentrations correlated significantly with urinary 8-epi-PGF2 concentration. The coefficient for the correlation of VFA with urinary 8-epi-PGF2 concentration was the highest among all parameters analyzed (r=0.636, p<0.0001, coefficient of VFA with urinary 8-epi-PGF2 concentration was higher (VFA: r=0.728, p<0.0001, Fig 2a) than that in all subjects (r=0.636, Table 2 ). There was no significant correlation between SFA or BMI and urinary 8-epi-PGF2 concentration in non-obese subjects (SFA: r=0.035, not significant (NS), Fig 2b; BMI: r=0.251, NS, Fig 2c) . To examine if the positive correlation between VFA and urinary 8-epi-PGF2 concentration was independent of other clinical factors associated with MetS, including age, smoking index, systolic blood pressure, HbA1c, triglyceride, HDL-cholesterol, hsCRP, and adiponectin, stepwise multiple regression analyses were performed. As shown in Table 3 , VFA was the strongest and independent determinant of urinary 8-epi-PGF2 concentration (p<0.0001) followed by adiponectin (p=0.0212) and hsCRP (p=0.0365).
Discussion
The major findings of the present cross-sectional study indicate that the systemic oxidative stress increased in the subjects with MetS, and was strongly correlated with visceral fat accumulation.
Plasma levels of adipocytokines are dysregulated in visceral fat accumulation, including inflammatory adipocytokines, such as interleukin-6, TNF , and CRP, and this chronic low-grade inflammation in MetS is involved in the pathogenesis of atherosclerotic cardiovascular diseases. [42] [43] [44] [45] Hypoadiponectinemia is also located upstream of the pathogenesis of metabolic diseases and atherosclerosis. [23] [24] [25] However, the precise molecular mechanism of adipocytokine dysregulation has not been fully elucidated. Using animal models, we recently reported that plasma H2O2, a hazardous ROS, is already augmented in the obese and nondiabetic state, and that increased levels of ROS primarily originate from accumulated fat, not from liver, muscle or aorta. 31 That same study also demonstrated that increased ROS in obesity caused dysregulation of adipocytokine production, including decreased adiponectin and increased PAI-1 and TNF-, and that treatment with antioxidants in vivo redressed the adipocytokine dysregulation, resulting in improvement of glucose intolerance, hypertriglyceridemia, and fatty liver in obese mice. 31 These findings suggest that increased fat ROS in obesity is a candidate upstream factor for adipocytokine dysregulation leading to MetS.
The Framingham study revealed that BMI was highly associated with systemic oxidative stress. 46 However, whether ROS are linked more to visceral or to subcutaneous fat accumulation is still unknown. In the present study, we measured VFA and SFA by the CT cross-sectional method. 33 The urinary 8-epi-PGF2 concentration was more strongly associated with visceral fat accumulation than with subcutaneous fat in all subjects enrolled in this study (Table 2 ). In the non-obese subjects, VFA was more significantly correlated with urinary 8-epi-PGF2 than in all subjects, although there was no significant correlation between SFA or BMI and urinary 8-epi-PGF2 concentration (Fig 2) . Moreover, stepwise multiple regression analysis indicated that visceral fat accumulation was an independent indicator of systemic oxidative stress, whereas glucose intolerance, hypertension, dyslipidemia, or aging was not. Thus, these results suggest that systemic oxidative stress, represented by the urinary 8-epi-PGF2 concentration, is strongly associated with visceral fat accumulation leading to MetS. Very recently, it was reported that there was no increase in the urinary 8-epi-PGF2 concentration in otherwise healthy 63-year-old men in Sweden with MetS, 47 which might be explained by the age of the subjects. The average age of the subjects in that study was almost 10 years older than that in the present study. Further investigation is required to verify an age-related association between systemic oxidative stress and MetS.
Smoking has been reported to be associated with systemic oxidative stress, 46, 48, 49 and in the present study, the urinary 8-epi-PGF2 concentration of smokers (n=15) was higher than that of non-smokers (n=90) (p=0.0640), and the smoking index (cigarettes/day × years) significantly correlated with urinary 8-epi-PGF2 concentration (r=0.205, p= 0.0354) as shown in Table 2 . The smoking index was not found to be an independent determinant of urinary 8-epi-PGF2 concentration in the present study, which may be related to the small number of smokers enrolled in this study. Among the non-smokers only, VFA was also the strongest and independent determinant of urinary 8-epi-PGF2 concentration (data not shown).
Study Limitations
First, this is a cross-sectional study of a limited number of subjects. Second, the study group comprised Japanese men and women who visited hospital for a health checkup, including participants coming by self-referral or by recommendation from local center screening. Therefore, the subjects included a higher ratio of subjects diagnosed with MetS as compared to the general population. 50 
Conclusion
We have demonstrated that systemic oxidative stress, measured by urinary 8-epi-PGF2 concentration, is closely associated with visceral fat accumulation and MetS. It is important to investigate in a future prospective study whether a reduction of visceral fat by life-style intervention is associated with decreased systemic oxidative stress. It is suggested that oxidative stress, especially fat ROS, could be an important therapeutic target for future intervention strategies for visceral fat accumulation and MetS.
